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Introduction

1
Atmospheric dinitrogen (N 2 ) is the largest pool of nitrogen (N) on earth yet it is unavailable 2 for most organisms that require N for growth. Biological fixation of N 2 (or diazotrophy) is 3 catalyzed by the nitrogenase enzyme (encoded by the nifH genes) that converts the inert 4 triple-bond N 2 into bioavailable ammonia (NH 4 + ) . This process has long been studied in 5 terrestrial agriculture as it increases the yield of cultures associated with N 2 -fixing organisms.
6
In the ocean, diazotrophy provides the predominant external source of N (140±50 Tg N yr -1 ) 7 contributing more than atmospheric and riverine inputs (Gruber, 2004) . Moreover, N 2 fixation 8 acts as a potential natural fertilizer adding a source of new N that is available for non- (PP) e.g. (Karl et al., 2002) in these vast ecosystems.
15
The non-heterocystous filamentous cyanobacterium Trichodesmium spp. remains the most 16 studied marine diazotroph. Based on direct rate measurements, Trichodesmium accounts for a 17 quarter to half of geochemically-derived estimates of marine N 2 fixation at the global scale 18 (Mahaffey et al., 2005) . Diverse cyanobacteria and bacteria also fix N 2 in marine waters.
19
These include: (1) the heterocystous cyanobacteria frequently found in association with 20 diatoms (diatom-diazotroph associations (hereafter referred to as DDAs; (Foster and 21 O'Mullan, 2008) ) efficient at exporting organic matter out of the photic zone (Karl et al., 22 2012), (2) unicellular cyanobacterial lineages (UCYN-A, B, and C) with a size range from 1 23 to 6 μm (Moisander et al., 2010) , which are key oceanic diazotrophs (Luo et al., 2012) 24 accounting for the predominant fraction of N 2 fixation in many tropical oceans (Bonnet et al., 25 2009; Montoya et al., 2004) , and (3) non-cyanobacterial N 2 -fixing bacteria and archaea that 26 are still poorly characterized yet recent studies show they are abundant and active across the 27 world's oceans (Farnelid et al., 2011; Farnelid and Riemann, 2008; Moisander et al., 2014) .
28
While the role and contribution of marine N 2 fixation on biogeochemical cycles have been 29 intensely investigated, a critical question that remains poorly studied is the fate of newly-fixed 30 N, or diazotroph-derived N (hereafter named DDN) in LNLC ecosystems (Mulholland, 2007) .
31
It remains unclear whether the DDN is preferentially directly exported out of the photic zone,
32
recycled by the microbial loop, and/or transferred into larger organisms, subsequently 33 enhancing indirect particle export.
34
Biogeosciences Discuss., doi:10.5194/bg-2015 Discuss., doi:10.5194/bg- -668, 2016 Manuscript under review for journal Biogeosciences As the biologically catalysed process of N 2 fixation is not entirely efficient, diazotrophs 11 release some of the recently fixed N 2 as dissolved organic N (DON) and NH 4 + to the 12 surrounding waters (Glibert and Bronk, 1994; Meador et al., 2007; Mulholland et al., 2006) .
13
Several studies have reported elevated DON and NH 4 + concentrations during and immediately
14
after Trichodesmium spp. blooms in the Indian (Devassy et al., 1979; Devassy et al., 1978;  15 Glibert and O'Neil, 1999) , Pacific (Karl et al., 1992; Karl et al., 1997b) , and Atlantic (Lenes et 16 al., 2001) oceans. Subsequent culture (Hutchins et al., 2007; Karl et al., 1992; Karl et al., 17 1997a) and field studies (Benavides et al., 2013b; Konno et al., 2010; Mulholland and 18 Bernhardt, 2005) have quantified that diazotrophs release ~50 % of the total fixed N 2 to the 19 dissolved pool. Most of these studies were performed on the conspicuous Trichodesmium spp.
20
and were based on the difference between gross N 2 fixation (measured by acetylene reduction 21 assays) and net N 2 fixation ) measured using the 15 N 2 labelling 22 technique (Montoya et al., 1996) . The recent modification of the 15 N 2 labelling method (Mohr 23 et al., 2010) led to higher net N 2 fixation rates and potentially reduced the gap between gross Trichodesmium spp. and from three strains of UCYN-B and C (<1 % of total N 2 fixation) 27 . Similar experiments (examining the direct 15 N measurement on 28 released molecules) showed low release by UCYN-C (~1 %, (Benavides et al., 2013a) ).
29
Culture studies probably represent lower end estimates of DDN release, as in the field,
30
exogenous factors such as viral lysis (Hewson et al., 2004; Ohki, 1999) The transfer of DDN towards the first levels of the food chain (phytoplankton, bacteria) is 3 mainly achieved through the dissolved pool. Devassy et al. (1979) dinoflagellates succeeded blooms of Trichodesmium spp. (Devassy et al., 1978; Furnas and 8 Mitchell, 1996; Lenes et al., 2001) , while in the pelagic waters of the Kuroshio current,
9
Trichodesmium spp. and diatom abundance were positively correlated (Chen et al., 2011) .
10
These studies suggest a potential transfer of DDN from diazotrophic to non-diazotrophic 11 phytoplankton. Actual calculations were first performed by Bronk et al. (2004) , Lenes and 12 Heil (2010) and Sipler et al. (2013) , who demonstrated how the DDN released by DDN is transferred towards secondary producers (Montoya et al., 2002b) . This transfer can be 29 direct through the ingestion of diazotrophs (O'Neil et al., 1996; Wannicke et al., 2013a), or 30 indirect, i.e. mediated by the dissolved N released by diazotrophs (Capone et al., 1994; Glibert 31 and Bronk, 1994; Mulholland et al., 2004 community is dominated by DDAs rather than Trichodesmium spp. (Montoya et al., 2002a) .
6
Grazing experiments on UCYN have not been conducted so far and the potential of UCYN as 7 a conduit of DDN into marine food webs remains unexplored. that at least part of the DDN is ultimately exported out of the photic zone 12 Karl et al., 1997b; Scharek et al., 1999a; Sharek et al., 1999b) . The export of DDN may either 13 be direct through sinking of diazotrophs, or indirect, through the transfer of DDN to non-14 diazotrophic plankton in the photic zone, that is subsequently exported. While it has been 15 demonstrated that DDAs directly contribute to particle export Subramaniam 16 et al., 2008; Yeung et al., 2012) , the DDN export efficiency appears to depend on the 17 diazotroph community composition present in surface waters. The positive buoyancy of
18
Trichodesmium spp. probably prevents its downward flux and settling in sediment traps 19 (Capone et al., 1997; Walsby, 1992) , although programmed cell death (PCD) causing bloom 20 demise can cause rapid export of Trichodesmium biomass to depth (Bar-Zeev et al., 2013; 21 Berman-Frank et al., 2004; Spungin et al., 2016 accomplished. The patchy distribution of diazotrophs in the surface ocean (Bombar et al., 3 2015) , the temporal lag between production and export, and hydrodynamic features that may 4 decouple production in surface and export below the photic zone (Buesseler et al., 2007) also 5 make these studies very challenging. To achieve these goals and concurrently determine N 2 fixation and particle export, we isolated 25 large water masses containing ambient planktonic communities by deploying three large-26 volume (~50 m 3 ) mesocosms thereby maintaining a stable water-mass 27 without disturbing ambient light and temperature conditions. The experimental location in the 28 southwestern Pacific region was chosen as in this area some of the highest rates of oceanic N 2 29 fixation occur Messer et al., 2015 . Primary productivity is N-limited throughout 18 the year , giving diazotrophs a competitive advantage. New Caledonian
19
waters support high N 2 fixation rates (151-703 µmol N m -2 d -1 , (Garcia et al., 2007) ), as well 20 as high Trichodesmium spp. (Dupouy et al., 2000; Le Borgne, 2010, 2008) , and
21
UCYN abundances (Biegala and Raimbault, 2008) , therefore representing an ideal location to 22 implement the VAHINE project and study the fate of DDN in the marine ecosystem.
23
DIP availability can control N 2 fixation in the southwestern Pacific (Moutin et al., 2008; 24 Moutin et al., 2005) , hence the mesocosms were intentionally fertilized with ~0.8 µM DIP
25
(KH 2 PO 4 ) the evening of day 4 to alleviate any potential DIP limitation and promote N 2 26 fixation and even diazotroph blooms for the purpose of the project.
27
The mesocosms used for this study are well suited for conducting replicated process studies 28 on the first levels of the pelagic food web Guieu et al., 2010; Guieu et 29 al., 2014) . They are equipped with sediment traps allowing the collection of sinking material.
30
Due to the height of the mesocosms (15 m), they do not represent processes occurring in the 31 full photic layer but allow studying the dynamics of C, N, P pools/fluxes and export 32 associated with the plankton diversity in the same water mass, and comparing these dynamics.
33
before/after the DIP fertilization, and under contrasted conditions regarding the diazotroph Guieu et al., 2010; Guieu et 3 al., 2014) . These studies also revealed a good replicability of stocks, fluxes and plankton 4 diversity measurements among the replicate mesocosms. Hence, the discussion below will 5 consider the average between the three mesocosms deployed in this study. 
Sampling strategy and logistics
8
A complete description of the mesocosms design and deployment strategy is given in the 9 introductory article . In total, over 47 stocks, fluxes, enzymatic activities 10 and diversity parameters were measured daily by the 40 scientists involved in the project.
11
Protocols for each measured parameter are detailed in the specific contributions to this special 12 issue and will not be described here. Modelling has also accompanied all steps of the project
13
(see Gimenez et al. (2016) and section 5 below). During the 23-days VAHINE mesocosm experiment, three major periods could be defined 4 based on the main C, N, P stocks and fluxes (Berthelot et al., 2015b) and on the identity of the and plankton community composition measured during P1 and P2 respectively.
11
Seawater temperature ( 
21
As a major objective of the experiment was to study the development of diazotroph blooms highest rates reported in marine waters (Luo et al., 2012) . The diazotroph community 27 composition was dominated by DDAs during P1, and a bloom of UCYN-C occurred during 28 P2 (Fig. 4) . Standing stocks of Chl a and PON increased by a factor of 3 and 1.5 between P1 29 and P2 and subsequently, export of PON dramatically increased (by a factor of 5) in the 30 mesocosms during P2 (Fig. 3) . These results emphasize that the experimental mesocosm setup The synoptic view of the mesocosm dynamics (Fig. 4) indicates that after the DIP 1 fertilization, DIP concentrations and DIP turn-over time increased significantly during P1, and 2 alleviated P-limitation in the microbial communities as reflected in the significant decline in in the mesocosms via utilization of recycled N derived from N 2 fixation .
10
Thus, while PP increased, N 2 fixation rates decreased significantly after the DIP spike. (Fig. 4) (Berthelot et al., 2015b) . Furthermore, during P2, DON provided an additional N source for 1 non-diazotrophic phytoplankton and bacteria (Berthelot et al., 2015) .
2
The time lag between the DIP fertilization and the increase in biogeochemical stocks/fluxes 3 was 10 days, indicating that 10 days were necessary for N 2 fixation to sustain the high marine ecosystems, then large-volume mesocosms, such as we demonstrate here, would be 10 more suitable (Gimenez et al., 2016) .
11
Concurrent with the development of diazotrophic (UCYN-C) populations, the abundance of
12
Synechococcus, pico-eukaryote and nano-eukaryote primary producers also increased at the 13 end of P2 (i.e. around day 16) (Leblanc et al., 2016) . The non-diazotrophic diatoms responded 14 rapidly (i.e. around day 10-11) and increased to bloom values (100 000 cells L -1 )
15
simultaneously with the UCYN-C bloom on days 15-16 and prior to the increases in the pico-
16
and nanophytoplankton Van Wambeke et al., 2015) . This increase was 17 paralleled by a drastic change in the diatom community structure, which became almost We specifically utilized the mesocosm approach to answer whether the composition of the 28 diazotroph community influenced the subsequent export of particulate matter and how.
29
During P1, DDAs dominated the diazotroph community. For this time period, the biomass 30 indices (Chl a, POC, PON, POP) were stable within the mesocosms (Fig. 3, 4 rapidly exported (Fig. 5a) ). Yet, UCYN contribution to vertical flux and export was assumed to be lower than the 12 contribution of DDAs due to their small size of (1 to 6 µm) and low sinking rates compared to (Fig. 4) . These data, reported for the first time from the 21 VAHINE experiment , emphasize that despite their small size relative to
22
DDAs, UCYN-C are able to directly export organic matter to depth, indicating that these 23 small organisms should be considered in future biogeochemical studies.
24
The direct export of UCYN-C and other diazotrophs could not solely explain the very high 25 exported matter observed during P2 , suggesting another way of export 26 during that period. An experiment performed during the UCYNC bloom using nanoSIMS 27 demonstrated that a significant fraction of DDN (21±4 %) was quickly (within 24 h) 28 transferred to non-diazotrophic plankton , revealing that N 2 fixation was 29 fuelling non-diazotrophic plankton growth in the water column (Fig. 5b) , suggesting an export production during P2 (56±24 % and up to 80 % at the end of the experiment) compared 8 to P1 (47±6 %) (Knapp et al., 2015) . The contribution of N 2 fixation to export (up to 80 %)
9
was very high in our study compared with reports from other tropical and subtropical regions 10 where active N 2 fixation contribute 10 to 25 % to export production (e.g. (Altabet, 1988;  11 Knapp et al., 2005) ). This is consistent with the extremely high N 2 fixation rates measured in 
14
The export associated with Trichodesmium spp. has not been studied in the present mesocosm 15 experiment as only limited numbers of Trichodesmium spp. were counted in the mesocosms.
16
Its potential for export is discussed below based on parallel studies from the region and 17 intensive short-term experiments on surface blooms of Trichodesmium that appeared outside 18 the mesocosms on days 22-23 . 2005)) accounted for 7.1±1.2 to 20.6±8.1 % of gross N 2 fixation to the non-diazotrophic plankton after 24 h of incubation 21±4 %, 18±3 % was transferred to picoplankton (including both pico-phytoplankton and 1 heterotrophic prokaryotes) and 3 % to diatoms (Fig. 5b) , suggesting that picoplankton would 2 be more competitive than diatoms using DDN, which is consistent with the increase in 3 Synechococcus and pico-eukaryote abundances by a factor of two following the UCYN-C 4 bloom (Leblanc et al., 2016; Pfreundt et al., 2015) . The short-term nanoSIMS experiment was 5 performed on day 17, when pico-and nanoplankton dominated the phytoplankonic biomass 6 and diatom abundances declined probably due to DIP limitation (Leblanc et al., 2016) .
7
Picoplankton can efficiently utilize low DIP concentrations (Moutin et al., 2002) and/or can prokaryotes through the production and release of dissolved organic matter including C
26
(DOC) .
27
In a recent study performed at the VAHINE study site, phase) (Berman-Frank et al., 2004; Berman-Frank et al., 2007) . PCD in Trichodesmium spp. outside the mesocosms, the characteristics of the bloom, lack of grazer influence and the 26 demise of biomass suggests this would lead to high rates of export as 27 demonstrated in culture simulations (Bar-Zeev et al., 2013) (Fig 5c) . 2013b), and the pelagic waters off the New Caledonian shelf (Hunt et al., 2015) .
4
During VAHINE all four of the qPCR targeted diazotrophs (Trichodesmium spp., het-1, het-2, 5 UCYN-C) were found in zooplankton guts indicating a direct grazing of these four phylotypes 6 (Hunt et al., 2016) . Overall, the most frequently detected targets were het-1 (during P1; 17 to 7 180 nifH copies copepod -1 ) and UCYN-C (during P2; 7 to 50 nifH copies copepod -1 ), i.e. the 8 most abundant phylotypes encountered in the mesocosms during P1 and P2, respectively.
9
However, Trichodesmium spp. and het-2 were also detected at relatively high abundances in 10 copepod guts (~280 nifH copies copepod -1 ) despite their low abundance in the mesocosms,
11
suggesting selective feeding and a possible top down control through zooplankton grazing for 12 these two phylotypes. and not enriched at all when a Trichodesmium spp. bloom was encountered outside the 21 mesocosms during P2 (Hunt et al., 2016) . This was a surprising finding given that het-1, and 22 to a lesser extent Trichodesmium spp. were detected in copepod guts, and would suggest that in the scientific design of the experiment and in understanding the need and the optimal 1 timing of the DIP enrichment. The biogeochemical model was first assessed using in situ data 2 from the mesocosms and then applied to study the fate of DDN in the ecosystem (Gimenez et 3 al., 2016) . Finally, one of the main strengths of the modelling tool lies in the opportunity that 4 it offers to deconvoluate the different processes that are deeply interlinked. This last facility is 5 used here to infer the role of N 2 fixation on productivity, food web structure and C export.
6
The simulation of the mesocosm experiment (including DIP enrichment) reported in Gimenez 
23
The model results further showed that the fraction of DDN in the exported particulate matter 24 increased from day 10 until the end of the simulation, consistent with the high e-ratio 25 determined by (Berthelot et al., 2015b) during P2 (see above) and with the δ 15 N-budget 26 performed by Knapp et al. (submitted) , emphasizing the higher contribution of N 2 fixation to 27 export production during P2 compared to P1 (Gimenez et al., 2016) .
28
In the model, diazotrophs were assumed to release equal amounts of NH 4 + and DON at a rate indicating that NH 4 + was preferentially transferred to non-diazotrophic plankton compared to 3 DON, which accumulated in the dissolved pool ).
4
The model results were further validated in the distribution of the DDN among the biotic 5 compartments. Small-size (pico-and nano-) phytoplankton, heterotrophic prokaryotes, 6 heterotrophic nanoflagellates and ciliates were the main beneficiaries of DDN, as observed by 7 the nanoSIMS studies Bonnet et al., 2015a) . Small-size phytoplankton 8 and heterotrophic prokaryotes were indeed the main consumers of NH 4 + and labile DON (the 9 model excludes DON uptake by large-size phytoplankton), and heterotrophic nanoflagellates 10 and ciliates respectively feed on heterotrophic prokaryotes and small-size phytoplankton.
11
These results therefore indicate that DDN mainly transited through pico-, nanophytoplankton 12 and the actors of the microbial loop during the VAHINE experiment. allowed to sink at a constant rate of 0.7 m d -1 (see Gimenez et al. (2016) ), whereas in the REF 27
simulation, this was also the case only until day 10 beyond which all the compartments were 28 allowed to sink at a rate increasing with time, in order to mimic the observed increase in the 29 particulate sinking flux due to TEP release and aggregation .
30
When comparing the REF and NOFIX simulations (Fig. 6) The fact that the resulting PP was reduced to a larger extent than the BP when N 2 fixation was 3 absent did not necessarily mean that non-diazotrophic autotrophs benefit more from the DDN 4 compared to heterotrophs as the DDN was nearly equally distributed between autotrophs and 5 heterotrophs (and slightly higher in heterotrophs) (Gimenez et al., 2016) . This higher effect on 6 PP than on BP is derived from the fact that the diazotrophs themselves (and therefore a part of 7 PP since only autotrophic diazotrophs were considered in the model) were strongly affected 8 by their inability to fix N 2 as suggested by the far lower abundance of UCYN-C in the NOFIX 9 simulation compared to the REF one (Fig. 6 ). This also explains why removing N 2 fixation 10 first affected PP (around day 10) compared to BP (around day 15).
11
We further assumed that, apart from diazotrophs, the organisms mostly influenced by the small phytoplankton and heterotrophic bacteria (Fig. 7) , and to a lesser extent and later for 17 heterotrophic nanoflagellates. This was also true for ciliate abundance, but only until day 16. 
